INTRODUCTION Minimally invasive parathyroidectomy has advantages over the traditional bilateral neck exploration for the surgical treatment of primary hyperparathyroidism. It requires accurate localisation of the parathyroid pathology prior to surgery. The best method of preoperative localisation in a district general hospital setting is not well understood. METHODS All patients who underwent parathyroidectomy for primary hyperparathyroidism from 2008 to 2016 were identified from a prospectively maintained database. Operative findings were correlated with radiological and histological results. Sensitivity and specificity of ultrasound, sestamibi scintigraphy and the two together were calculated for diagnostic precision and compared. RESULTS One hundred and eighty-four patients met the inclusion criteria, of whom 81.5% had a histological diagnosis of a parathyroid adenoma. Ultrasound had higher sensitivity than sestamibi scintigraphy. Used together, ultrasound and sestamibi scintigraphy performed better than either ultrasound or sestamibi scintigraphy alone ( P< 0.001). Twenty-two of 184 cases had no lesion located by either ultrasound or sestamibi scintigraphy preoperatively. Where neither ultrasound nor sestamibi scintigraphy located the lesion, additional computed tomography led to the excision of parathyroid pathology in one in ten patients. CONCLUSION The combination of ultrasound and sestamibi scintigraphy provides the highest sensitivity of preoperative localisation. This approach led to a high success rate of minimally invasive parathyroidectomy. Where preoperative localisation is not achieved with ultrasound or sestamibi scintigraphy, computed tomography adds little additional benefit. In this setting other modalities of localisation such a selective venous sampling, intraoperative methylene blue or intraoperative parathyroid hormone levels could be considered.
Introduction
There has been a worldwide increase in the prevalence of primary hyperparathyroidism, a disease diagnosed in patients with hypercalcaemia and elevated or inappropriately normal plasma parathyroid hormone level. [1] [2] [3] In the developed world, primary hyperparathyroidism is diagnosed increasingly in asymptomatic patients, through routine biochemical screening. 4 Common sequelae of hypercalcaemia secondary to primary hyperparathyroidism, such as impaired renal function, nephrolithiasis and osteopenia are potentially avoidable if treated early. [5] [6] [7] Parathyroidectomy is the only known cure for primary hyperparathyroidism. [8] [9] [10] Since Felix Mandl performed the first successful parathyroidectomy in 1925, the traditional approach to parathyroid surgery has been bilateral neck exploration. 11 More recently minimally invasive parathyroidectomy has been shown to have similar cure rates to bilateral neck exploration. [12] [13] [14] The technique is designed to minimise tissue dissection, hasten recovery time, decrease postoperative pain and reduce scarring. As a result, it is associated with lower costs, fewer complications and better cosmetic results. 15, 16 Minimally invasive parathyroidectomy is established as a safe and effective technique, but it requires accurate localisation of the parathyroid adenoma(s) prior to surgery. 8, 10 The best method of preoperative localisation in the setting of a district general hospital is not well understood.
Preoperative localisation is made more complex by the variable location of parathyroid glands: the two inferior glands are less anatomically consistent than the superior glands owing to their longer embryological migration. 17, 18 Solitary parathyroid adenomas are the cause in approximately 80% of cases; other causes include multiglandular hyperplasia, synchronous adenomas or, rarely, carcinoma (1%). 3 A popular combination of imaging modalities for locating parathyroid glands preoperatively is sestamibi scintigraphy and ultrasound, with a limited role for computed tomography (CT). 8, 19 Sestamibi scintigraphy uses a radioisotope which accumulates in mitochondria and collects in cells with a high metabolic rate, such as parathyroid adenoma. 18, 20, 21 It is widely available, relatively inexpensive and requires less ionising radiation than CT. Accuracy depends on the size and cytology of the adenoma, the preoperative serum calcium and parathyroid hormone levels, and can be confounded by thyroid nodules and multinodular goitres. Rates of accuracy range from 80% to 95%. 22, 23 High diagnostic accuracy can be obtained from ultrasound imaging by experienced sonographers. 8, 18, 21 Rates of ultrasound accuracy range from 70% to 85%, although reviews suggest that ultrasound has a higher positive predictive value than sestamibi scintigraphy and may be used alone. 22, 24 The aim of this study was to determine the most accurate preoperative localisation technique in primary hyperparathyroidism in a district general hospital setting.
Materials and methods
Patient records were analysed at a district general hospital in England. All patients who underwent parathyroidectomy for primary hyperparathyroidism from 2008 to 2016 were identified from a prospectively maintained database. Radiological and histological data were obtained from the hospital's electronic databases. Surgical site was ascertained from review of the operation note. Results of the preoperative imaging modalities were correlated with operative findings. The ultrasound scans were performed by a group of specialist head and neck radiologists, with extensive experience of parathyroid imaging. Patients with preoperative radiology results from both ultrasound and sestamibi scintigraphy modality were included. If a patient required re-exploration, only data from the initial surgery were included. Patients with missing or indeterminate histology, missing surgical site details or missing radiology data were excluded.
Where histological analysis concluded the presence of pathological parathyroid tissue, operative site was considered the gold standard for comparison to imaging location. 'Successful excision' was defined as: macroscopic identification of an abnormal parathyroid gland at time of surgery with histological confirmation of the lesion. 'Pathological parathyroid tissue' was defined as parathyroid adenoma, hyperplasia, oxyphil or carcinoma. Sensitivity and specificity of single (ultrasound or sestamibi scintigraphy) and two-image (ultrasound and sestamibi scintigraphy) modalities were calculated for diagnostic precision and compared. To assess the concordance between imaging modalities the anatomical location identified for each test was categorised into one of: left, left upper, left lower, right, right upper, right lower, ectopic or not localised.
Surgical technique
All surgery was performed by a single surgeon. The operative technique included a 3-cm midline collar incision and focused exploration of the side indicated by the preoperative imaging. In the case of no preoperative localisation, each parathyroid region was examined sequentially starting with the most likely position. Intraoperative frozen section was used on a case by case basis in the case of diagnostic uncertainty.
Statistical technique
Categorical data were expressed as number and a percentage. The sensitivity and specificity of the imaging tests, performed on each patient (paired data), were compared using McNemar's test and exact McNemar's test when the data were limited. Cohen's k was used to assess agreement between the two imaging modalities. Statistical significance was accepted for P-values less than 0.05. Data handling was conducted using Microsoft Excel 2013. Statistical calculations were performed with IBM SPSS Statistics version 25.0.
Results
A total of 212 patients underwent parathyroidectomy between 2008 and 2016, and 184 patients met inclusion criteria (Fig 1) . The mean age was 66 years and 82% were female; 81.5% had a final histological diagnosis of parathyroid adenoma (Table 1) .
Ultrasound had a higher sensitivity than sestamibi scintigraphy, but the difference was not statistically significant (P = 0.23; Table 2 ). Their specificity was the same (Table 3 ). The sensitivity and specificity of the ultrasound and sestamibi scintigraphy together was compared only with ultrasound alone, which performed slightly better than sestamibi scintigraphy. The sensitivity of the combined ultrasound and sestamibi scintigraphy was statistically different from the sensitivity of ultrasound (P < 0.001; Table 4 ). There was no statistical difference in terms of their specificity (P = 0.25; Table 5 ). The sensitivity, specificity and accuracy of each test is shown in Table 6 .
Where both preoperative imaging results were positively concordant, the likelihood of successful surgical excision was 97% (69/71). In cases with a lack of concordance between tests, the likelihood of successful excision was 89% (82/92). In the case of an image negative case, the chance of successful removal was 57% (12/21). Cohen's k was calculated to determine the level of agreement between ultrasound and sestamibi scintigraphy. There was weak agreement between the two imaging modalities (k = 0.323).
Of the 184 cases, 21 were image negative. Ten of these cases underwent traditional neck CT, with one case showing an abnormal parathyroid gland (Fig 2) .
Discussion
This study demonstrates that over eight years in a district general hospital in England, the technique of combining ultrasound scanning and sestamibi scintigraphy for preoperative localisation led to successful parathyroidectomy in 88.6% of patients. Ultrasound is more sensitive than sestamibi scintigraphy (sensitivity 0.70 vs 0.64). Combined ultrasound and sestamibi scintigraphy was superior to ultrasound and sestamibi scintigraphy on their own. Successful excision of a parathyroid lesion is more likely with accurate preoperative localisation (97% vs 57%). Minimally invasive parathyroidectomy should be offered to all suitable patients and relies on successful localisation of the parathyroid lesion(s) preoperatively. [25] [26] [27] [28] Ultrasound and sestamibi scintigraphy are two popular imaging modalities for preoperative localisation, with most studies quoting little difference in the accuracy of these modalities. 23 It is well recognised that ultrasound and sestamibi scintigraphy perform differently depending on gland characteristics. Ultrasound can give more accurate anatomical information and gland detail if the adenoma is located in a eutopic (normal) position. Conversely, sestamibi scintigraphy reveals superior physiological information and can locate ectopic or deeper glands. Combining the different attributes results in increased accuracy of preoperative localisation and, accordingly, current guidelines recommend dual ultrasound and sestamibi scintigraphy scans. 23, 29 In addition to being the most accurate and informative imaging option, combined localisation with sestamibi scintigraphy and ultrasound has been shown to be the most cost-effective strategy. 10 In our study, ultrasound scans were performed by a group of specialist head and neck radiologists with extensive experience of parathyroid imaging. Sensitivity and specificity of ultrasound in this study are comparable to other literature sources; demonstrating that ultrasound is still accurate in the context of a district general hospital. 19, 30 There were ten patients in this study who were image negative after ultrasound and sestamibi scintigraphy and went on to have a CT. Only one of these patients had a pathological parathyroid gland identified on CT. Traditional CT has been shown to be relatively poor at localising parathyroid adenomas, with an accuracy of 40-70%. 18, 21 Our study reinforces that in this small but important subgroup of patients, CT only offers further minimal information. There are other preoperative localising modalities available. Four-dimensional CT (4D-CT) uses repeated imaging over time. Some evidence suggests that 4D-CT is more accurate and sensitive than ultrasound or sestamibi scintigraphy and may be beneficial in revision parathyroid surgery. 31 The use of intraoperative ultrasonography performed by the surgeon has the potential to visualise location directly and to provide excellent spatial feedback. 8 The limitations of this study include those common to all retrospective, observational studies. The study excluded patients undergoing revision surgery and therefore is unable to comment on the best imaging strategy in this context. Our definition of 'surgical cure' is a pathological histological diagnosis which, when excised, resulted in normalisation of serum calcium level.
Conclusion
This study demonstrates that dual imaging with ultrasound and sestamibi scintigraphy is a very effective preoperative localisation strategy in the majority of patients and is associated with a high minimally invasive parathyroidectomy success rate in a district general hospital setting. There remains a small cohort of patients in whom additional techniques may be required for further preoperative localisation. Fig 3 outlines our current recommendation for patient management from time of biochemical diagnosis of primary hyperparathyroidism.
